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  
Abstract²Underwater spark discharges are used in multiple 
practical applications including plasma closing switches, water 
treatment, plasma channel drilling and mineral processing, waste 
recycling, treatment of metals, and medical lithotripsy. Spark 
discharges in water have been studied for several decades, 
however, despite significant research efforts and progress in this 
area, further investigation into the efficiency of plasma-acoustic 
sources and their optimisation is required in order to expand their 
practical application. This paper is aimed at investigation of the 
electrical and hydrodynamic parameters of underwater 
plasma-generated cavities, including plasma resistance, energy 
delivered into the plasma cavity, period of cavity oscillations and 
characteristics of pressure impulses. Different energy levels, 
breakdown voltages and gap distances were used in the present 
study to allow systematic analysis of these electrical and 
hydrodynamic parameters. Empirical scaling relations which link 
the maximum acoustic pressure and the period of cavity 
oscillations with the energisation parameters and the resistance of 
plasma have been obtained. These empirical functions can be used 
for optimisation of the plasma-acoustic sources and for tailoring 
their parameters for specific practical applications. 
 
Index Terms²Underwater spark discharges, plasma 
resistance, hydrodynamic parameters of period of cavity, acoustic 
impulses 
I. INTRODUCTION 
N recent years, significant research efforts have been focused 
on investigation of high-voltage spark discharges in water. 
Such discharges have found practical application in different 
technological areas, including water-filled plasma closing 
switches used in high-voltage, pulsed-power systems [1], 
medical lithotripters [2], minerals engineering [3], recycling of 
solid materials [4, 5, 6], in water cleaning and remediation 
operations, and water-well cleaning operations [7]. An 
important area of potential practical applications of underwater 
spark discharges is generation of wide-band ultrasound 
impulses [8, 9]. Underwater, high-voltage spark discharges 
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have advantages over traditional methods of generation of 
pressure impulses, as they provide better controllability and 
higher reproducibility. The spark-discharge method is also 
environmentally friendly, as no chemical explosives are used in 
the plasma-acoustic process. In order to optimise the process of 
generating acoustic impulses via spark plasma discharges in 
water, and to tailor their parameters to satisfy specific practical 
applications, it is important to investigate the characteristics of 
the acoustic impulses produced under various energisation 
conditions.  
By applying high-voltage impulses with a suitable 
magnitude, duration and rise-time to a pair of water-immersed 
electrodes, at least one of which is a point electrode, a highly 
non-uniform electrical field facilitates electrical breakdown. 
The breakdown is initiated by the formation of gaseous, 
pre-breakdown bubble(s)/cavity(ies), generated by a 
combination of different processes, including Joule heating of 
the water [10], electron emission, and electro-mechanical 
rupture of water in the vicinity of the high-potential electrode 
[11]. The electric field inside this cavity becomes higher than 
the field in the surrounding water, due to the low permittivity of 
the gas within the cavity. Once the critical threshold field is 
exceeded, ionization processes are triggered inside the cavity, 
resulting in the development of the initial discharge, primarily 
across the gas/water interface [12]. Plasma streamers then 
continue to form, progressing through the bulk of the water 
towards the opposite electrode. The pre-breakdown processes 
in water stressed with short-duration, high-voltage impulses, 
including the formation of pre-breakdown gas bubbles and the 
development of streamers, have been studied in [13 - 17] and 
other works.  
When one of the plasma streamers bridges the inter-electrode 
gap, the conductive plasma channel closes the circuit, leading 
to a rapid deposition of energy into the plasma channel 
(post-breakdown stage). Initially, the plasma resistance is high, 
due to the relatively-low temperature of the plasma in the 
channel and its small initial diameter. However, with the 
establishment of the conductive plasma path and injection of 
energy into the conductive channel, the plasma inside this 
channel becomes thermalised and the channel becomes filled 
with a hot, pressurised, and highly-conductive ionized gas. As 
the temperature inside the channel rises, the plasma resistance 
drops rapidly to its minimum value, which is usually in the 
UDQJH EHWZHHQ KXQGUHGV RI P DQG D IHZ  [18]. The 
post-breakdown cavity rapidly expands into the surrounding 
water, generating a primary acoustic pressure impulse. The 
velocity of this pressure impulse rapidly becomes equal to the 
speed of sound in water. The cavity continues to expand until it 
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reaches its maximum size (the gas pressure inside the cavity is 
minimum at this moment) and then collapses - due to the 
external hydrostatic pressure - to its minimum size, emitting a 
secondary acoustic pressure impulse. Several 
expansion/collapse cycles can potentially be observed [19]. A 
detailed analysis of the dynamics of the type of post-breakdown 
plasma/gas cavities formed by spark discharges in water is 
presented in [20, 21]. A hydrodynamic model of the 
post-breakdown cavity which takes into account the equation of 
state of water is described in [20]. The development of 
spark-driven acoustic impulses in water is discussed in [21], 
considering different electrode topologies: a spherical 
topology, which is appropriate to shorter inter-electrode gaps; 
and a cylindrical topology, which can be used for analysis of 
the acoustic emission from longer, wire-guided discharges. 
However, despite a substantial number of publications in the 
field of plasma discharges in water, the functional behaviour of 
the acoustic impulses generated by plasma cavities and its link 
with the hydrodynamic parameters of the cavity and electrical 
parameters of the circuit are not fully understood, and require 
further experimental investigation. This paper details an 
experimental study of the development of plasma-generated, 
post-breakdown, gaseous cavities in tap water, and analysis of 
the acoustic impulses produced by such cavities: the 
dependency of the peak acoustic pressure and the period of 
cavity oscillations on the electrical energy available in the 
discharge, the energy-storage capacitance, the breakdown 
voltage, and the inter-electrode distance. This investigation will 
help in furthering the understanding of the hydrodynamic 
behaviour of spark-generated, underwater plasma cavities: the 
efficiency of production of acoustic impulses and its 
dependency on the parameters of the pulsed-power driving 
circuit. The obtained results can be used in the design and 
development of different plasma-acoustic systems, with 
parameters tailored for a wide range of practical applications. 
II. EXPERIMENTAL SETUP 
The test system developed for the present study consists of a 
water tank with dimensions of  2 m (length) × 1 m (width) × 
1 m (depth), where spark discharges were generated; a 
high-voltage, pulsed-power driving circuit, generating negative 
high-voltage impulses with peak magnitude up to 60 kV; and 
diagnostic devices (high-voltage, high-current and acoustic 
probes, and digitising oscilloscopes). The pulsed-power system 
is based on capacitive energy storage: a high-voltage capacitor, 
or capacitors (Maxwell Laboratories Ltd, USA) connected in 
parallel when higher energy was required. Three different 
capacitor combinations were used: two 80 nF capacitors in 
parallel; one 280 nF capacitor; and two 280 nF capacitors in 
parallel (these are the nominal capacitance values provided by 
the manufacturer). Accurate measurements of the capacitances 
were conducted using a VideoBridge 2160 (ES1-2160, Electro 
Scientific Instruments), and it was established that these three 
combinations provided the following values of capacitance: 
155 nF, 266 nF and 533 nF. The capacitors were charged by a 
DC power supply (Glassman High Voltage, series EH, 60 kV) 
WKURXJKD0FKDUJLQJUHVLVWRU7KHV\VWHPZDVRSHUDWHG
in a single-shot regime, high-voltage impulses being generated 
by closing a triggered spark-gap switch. 
The high-voltage and ground electrodes were located in the 
middle of the water tank, a 500 mm below the water surface. 
Both electrodes were conical and made of stainless-steel, and 
five different inter-electrode distances were used in this study: 
5 mm, 7 mm, 10 mm, 12 mm, and 15 mm. 
The voltage and current waveforms were monitored using a 
NorthStar PVM-5 voltage probe (1000:1 division ratio, 
80 MHz bandwidth) and a Samtech Ltd DE(CP)-01 resistive, 
low-inductance, current shunt (29.6 P UHVLVWDQFH 7KH
voltage and current waveforms were recorded using a 
Tektronix TDS2024 digitising oscilloscope (200 MHz 
bandwidth, 2 GSamples/s sampling rate). A piezo-electric 
acoustic transducer, VP1093 Pinducer (Valpey Fisher), was 
used to obtain the acoustic impulses generated by the spark 
discharges. This probe was aligned with the mid-point of the 
inter-electrode gap, and was located 500 mm away from the 
spark-discharge source. The Pinducer probe was connected 
GLUHFWO\WRD0LQSXWRID7HNWURQL[TDS3054B digitising 
oscilloscope, with a bandwidth of 500 MHz and a sampling rate 
of 5 GSamples/s, in order to monitor the acoustic waveforms 
(assuming proportionality between voltage signal and acoustic 
pressure). A schematic diagram of the setup is shown in Fig. 1. 
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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III. RESULTS AND ANALYSIS 
A.  Electrical and acoustic waveforms 
Spark discharges were generated in tap water (with 
conductivity of 0.05 µS/cm) at room temperature, using the 
pulsed-power circuit shown in Fig. 1. The nominal charging 
voltage was varied in the range from 20 kV to 35 kV in 5 kV 
steps. As described in Section II, three values of energy-storage 
capacitance were used: 155 nF, 266 nF and 533 nF. The 
inter-electrode gap was varied in the range from 5 mm to 
15 mm. The transient voltage and current waveforms and the 
corresponding acoustic waveforms generated by plasma 
discharges were obtained using the diagnostic devices 
described in Section II. Fig. 2 shows typical voltage and current 
waveforms obtained following breakdown of a 10 mm gap. 
The voltage and current waveforms obtained in this work are 
similar in form to the waveforms presented in [18]. The 
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 3 
decaying current and voltage oscillations indicate that the 
electrical behaviour of the pulsed-power system and the 
discharge channel can be described by under-damped 
sinusoidal oscillations, which are typical for an R-L-C circuit 
with a constant resistance. The validity of such an assumption 
has been verified in [18, 19]. In this model, the current is 
governed by: 
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In (1) ± (2), I0 is the current constant, which is close in value 
to the maximum current; Vbr is the actual breakdown voltage as 
shown in Fig. 2(a); L and C are the total inductance and 
capacitance of the circuit, respectively; R is the total resistance; 
Į is the damping factor; and ߱ is the angular velocity of the 
current oscillations.  
According to [22, 23], the main obstacles to direct 
measurement of the dynamic plasma resistance are the transient 
behaviour of the voltage and current in the circuit, and 
significant reactive components in the plasma-channel 
impedance. However, the constant resistance approach 
provides good agreement between the modelled and 
experimentally-obtained hydrodynamic parameters as 
presented in [18]. This approach has been validated in the 
present study by assuming constant resistance and matching the 
experimental current waveforms with the analytical waveforms 
calculated using (1), as shown in Fig. 2(b). The analysis 
presented in this paper is therefore based on the assumption of 
constant resistance of the plasma channel.  
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The circuit parameters (inductance, total resistance and 
constant plasma resistance) can be obtained using the 
experimental current waveforms and (1) - (2). The constant 
resistance of the spark plasma, Rplasma, can be obtained, using 
(3), as the difference between the total resistance of the circuit, 
Rtotal, and the resistance of the circuit without an underwater 
plasma channel, Rcircuit (obtained experimentally under 
short-circuit load conditions for similar values of peak current): 
 
Rplasma = Rtotal í Rcircuit       (3) 
The acoustic waveforms generated upon electrical 
breakdown between the electrodes were monitored using a 
Pinducer acoustic sensor and a separate digitizing oscilloscope. 
The characteristics of the acoustic signals were captured using 
two different oscilloscope time-base settings: one with a 
time-base of 200 ns/division to resolve the primary acoustic 
impulses generated by the expanding plasma cavity; and one 
with a time-base of 1000 ߤs/division to monitor the complete 
period of cavity oscillations, by registering the two acoustic 
impulses produced by the expansion and collapse of a cavity. 
Fig. 3 shows example acoustic waveforms generated upon 
breakdown of a 15 mm water gap. Fig. 3(a) demonstrates the 
primary acoustic impulse generated by the expanding plasma 
cavity (shorter timescale), and Fig. 3(b) demonstrates two 
acoustic signals generated during expansion and collapse of the 
plasma cavity (longer timescale). The time interval between the 
primary and secondary acoustic signals is the period of the 
FDYLW\¶VRVFLOODWLRQ 
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PD[LPXPSUHVVXUHLQWKHDFRXVWLFZDYH 
Fig. 3(b) shows two acoustic impulses generated by the same 
cavity during its expansion and collapse cycle. These signals 
were registered over a significantly longer time interval, 
a 4 ms, and they allow the total period of the cavity 
expansion-collapse cycle to be obtained. The lower-voltage 
peaks between the two major acoustic spikes represent 
reflections of the acoustic signal from the water-tank walls and 
the air/water surface. This longer observation timescale did not 
allow measurements of the magnitudes of the main peaks to be 
performed accurately, due to limitations in the digital sampling 
rate. 
 
B. Analysis and discussion of the experimental results 
1) Period of cavity oscillation  
After completion of the initial, pre-breakdown stage of the 
discharge, the plasma-filled, post-breakdown cavity expands 
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 4 
with emission of the primary acoustic impulse, and then 
collapses under the external hydrostatic pressure. The 
maximum radius of the cavity and its period of oscillation 
depend on the energy deposited into this cavity in the transient, 
post-breakdown SURFHVV7KHFDYLW\¶VG\QDPLFVLWVUDGLXVDVD
function of time) are governed by the Rayleigh-Plesset 
equation [24], which can be integrated assuming that the 
viscosity and surface tension of the water can be neglected. 
Thus, an analytical link between the period of the FDYLW\¶V
oscillation, Tcavity, and its maximum radius, Rmax, can be 
established for the ideal (no energy losses) case: 
 
  2/10max83.1 f pRTcavity U        (4) 
 
where U0 is the density of water, and p is the ambient 
hydrostatic pressure.  
The electrical energy released in the breakdown channel, 
Wch, is converted in part into thermal plasma energy, Wt, 
resulting in cavity expansion: 
   f pRWt 3max34S        (5)
 
The combination of (4) and (5) leads to the following relation 
between the period of the FDYLW\¶VRVFLOODWLRQVand the thermal 
plasma energy:  
 
       
6/53/1
014.1

f pWT tcavity U      (6) 
 
As a portion, J, of the total electrical energy released in the 
plasma channel, Wch, is converted into thermal energy in the 
plasma, Wt, the link between these energies can be expressed 
as: 
 
tch WW  J           (7) 
 
The electrical energy, Wch, is also proportional to the energy 
stored in the capacitor bank of the pulsed-power system before 
breakdown: 
 
          22brch CVW v          (8) 
 
7KHUHIRUH WKH SHULRG RI WKH FDYLW\¶V RVFLOODWLRQV LV
proportional to the breakdown voltage to the power 2/3, and to 
the capacitance to the power 1/3: 
  
6/52/1
0
3/13/2 
fv pCVT brcavity U      (9a) 
 
In the case of known values of capacitance, fluid density and 
hydrostatic pressure, a proportionality coefficient, m, between 
Tcavity  and Vbr can be introduced: 
 
3/2
brcavity VmT          (9b) 
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oscillation as a function of the breakdown voltage was 
conducted using five different inter-electrode gaps: 5 mm, 
7 mm, 10 mm, 12 mm, and 15 mm. Three energy-storage 
capacitances were used in these tests: 155 nF, 266 nF and 
533 nF. The results of these measurements (the period of cavity 
oscillations as a function of breakdown voltage) are shown in 
Fig. 4, with each data point representing an individual 
breakdown event. It can be seen that the period of cavity 
oscillations increases with an increase in the breakdown 
voltage. However, each graph in Fig. 4 shows that, together 
with the main increasing trend in the period of oscillations, 
there are outlying clusters of data points which sit below the 
lower boundary lines of the 95% prediction intervals for 
breakdown voltages of a 20 kV and above. These clusters, 
highlighted in grey in Fig. 4, are comprised of data points 
obtained for shorter inter-electrode gaps (5 mm and 7 mm). 
Therefore, for these shorter gaps, an increase in the breakdown 
voltage results in a limited increase in the energy delivered into 
the plasma channel, despite the higher total energy available in 
the discharge. The plasma resistance affects the fraction of the 
stored energy - described by J in (7) - which is delivered into 
the spark cavity; this resistance has been obtained for all 
discharges and will be discussed in Section III-B 3). The 
plasma resistance for all data points located in the outlying grey 
clusters in Fig. 4 is lower than the circuit resistance, 
Rplasma < Rcircuit. Therefore, the deviation of Tcavity from the main 
trend for shorter gaps and higher breakdown voltages can be 
explained by the decrease in the efficiency of conversion of 
electrical energy (CVbr2/2) into the thermal energy of the 
plasma, due to the change in the ratio between the plasma 
resistance and the remaining resistance of the pulsed-power 
circuit. This ratio reduces for higher voltages and shorter gaps. 
Equation (9b) has been used to fit the experimental data for 
the period of the cavity oscillations, Tcavity (using data points 
located within the 95% prediction intervals in Fig. 4). The 
fitting procedure was implemented using Origin Pro 9 software. 
The proportionality coefficient, m, was used as a free fitting 
parameter, and the breakdown voltage, Vbr, was in kV. The 
fitting lines obtained by (9b) are shown as solid lines in Fig. 4, 
while the dashed lines represent the lower and upper 95% 
prediction intervals. Numerical values of the fitting parameter, 
m, are given in TABLE I for all three values of capacitance used 
in these tests. 
 
7$%/(, 
FITTING PARAMETER m  FOR (9b ) 
C 155 nF 266 nF 533 nF 
m 
95% confidence 
interval  
0.61 
(0.61-0.62) 
 
0.71  
(0.70-0.72) 
 
0.92 
(0.91-0.93) 
 
 
From (9a) and (9b), the coefficient m should be proportional 
to the capacitance to the power 1/3: m v C 1/3. A non-linear fit 
of the data in TABLE I led to the relationship m v C 0.34, which 
is in good agreement with the expected exponent value of 1/3.  
Analysis of the graphs shown in Fig. 4 leads to the following 
conclusions. For breakdowns where the plasma resistance is 
greater than the resistance of the driving circuit, the behaviour 
of Tcavity with varying breakdown voltage follows that predicted 
by the scaling relationship (9b) for all tested inter-electrode 
gaps. The coefficient m increases with an increase in the 
energy-storage capacitance. For shorter gaps and higher 
breakdown voltages, where the plasma-channel resistance is 
less than the resistance of the driving circuit, the efficiency of 
conversion of electrical energy into thermal plasma energy is 
reduced, resulting in the clusters of data points which fall below 
the lower boundary lines of the 95% prediction intervals based 
on (9b). 
 
2) Magnitude of acoustic impulses as a function of Vbr  
 
For practical development and application of 
plasma-acoustic sources, it is important to establish a 
relationship between the breakdown voltage of the water gap 
and the peak pressure in the primary acoustic impulse radiated 
by the expanding plasma cavity. This peak pressure is a 
function of the radius of the cavity, its expansion velocity and 
its acceleration. The hydrodynamic model described in [18] 
allows the peak pressure to be obtained as a function of the 
pulsed-power circuit parameters and plasma resistance. 
However, the use of phenomenological scaling relationships 
can be more convenient in engineering and scientific practice. 
For example, it was established in [25] that in the case of a 
chemical underwater explosion, the peak pressure in the 
radiated impulse is a function of the charge mass, M, and the 
distance between the charge and the observation point, Ɛ: 
  E"3/1max MP v        (10) 
 
where an empirical constant E  is found to be 1.13. As the 
energy provided to an explosively-driven system would be 
proportional to the mass of the explosive, it may be possible to 
adapt this phenomenological relationship to the case of a spark 
breakdown in water. It can be assumed that the charge mass, M, 
is proportional to the energy stored in the capacitor(s) of the 
pulsed-power system:  
 
2/2brCVM v         (11) 
 
Thus, by combining (10) and (11), the peak acoustic pressure in 
the first acoustic impulse radiated by the plasma cavity at any 
known distance from the spark discharge (Ɛ = constant) would 
be expected to be proportional to the product of the breakdown 
voltage to the power 2E/3, and to the capacitance to the 
power E/3:  
 
3/23/
max
EE
brVCP v       (12a) 
 
For a known value of capacitance, a coefficient of 
proportionality, k, between Pmax and Vbr can be introduced: 
 
     
3/2
max
E
brkVP         (12b) 
 
 6 
 
 
 
 
 
 
)LJ  3HDN PDJQLWXGH RI WKH SULPDU\ DFRXVWLF VLJQDO DV D IXQFWLRQ RI WKH
EUHDNGRZQYROWDJHIRUD Q)E Q)DQGFQ)ZLWKWKHILWWLQJ
OLQHVJLYHQE\E7KHGDVKHGOLQHVVKRZWKHXSSHUDQGORZHUERXQGDULHVRI
WKHSUHGLFWLRQ LQWHUYDO7KHJUH\DUHDV LQGLFDWH WKRVHGDWDSRLQWVZKHUH
θǤ 
 
The maximum, peak pressure of the primary acoustic 
impulse emitted by the expanding cavity, Pmax, has been 
obtained experimentally, and plotted as a function of the 
breakdown voltage, Vbr, for all three capacitance values and for 
all five inter-electrode distances, Fig. 5. Each data point in Fig. 
5 represents an individual measurement of the peak acoustic 
magnitude. The trends observed in Fig. 5 show that the 
maximum acoustic magnitude demonstrates the same 
functional behaviour as the period of cavity oscillations 
presented in Fig. 4. The peak pressure in the primary acoustic 
impulses increases with an increase in the breakdown voltage 
for all inter-electrode gaps. The solid lines in Fig. 5 represent 
the fitting lines obtained using (12b), with E =
 
1.13 for the main 
increasing trends in the peak pressure. The coefficient of 
proportionality, k, was a free parameter in this fitting 
procedure, which was performed using Origin Pro 9 software 
package. Numerical values of k (for the peak magnitude 
expressed in mV and the breakdown voltage expressed in kV) 
are given in TABLE II. 
 
7$%/(,, 
FITTING PARAMETERS k  FOR (12b ) 
C 155 nF 266 nF 533 nF 
k 
95% confidence 
interval 
66.18  
(64.79-67.57) 
 
87.44 
(84.98-89.89) 
 
90.45 
(88.33-92.57) 
 
 
As in the case of the period of cavity oscillations, there are 
data points for breakdown of the shorter gaps (5 mm and 7 mm) 
and for voltages higher than a 20 kV which have lower peak 
pressure than the points within the 95% prediction intervals. 
This data, denoted by the grey areas in Fig. 5, is again 
associated with breakdowns were the plasma resistance is 
lower than the resistance of the driving circuit, Rplasma < Rcircuit, 
and the lower acoustic peak magnitudes can again be explained 
by a decrease in the proportion of the electrical energy which is 
converted into thermal plasma energy. It is also clear from the 
results shown in Fig. 5 that the peak acoustic magnitude is 
higher for higher values of energy-storage capacitance, at the 
same breakdown voltages. 
The coefficient k in (12b) increases with an increase in the 
capacitance of the pulsed-power system. According to (12a) 
and (12b), k v C 0.37 - non-linear allometric fitting of the data in 
TABLE II gives a similar exponent value for C, ~ 0.3. This 
suggests that the scaling relation (12b) could be used for 
analysis of the functional behaviour of the acoustic magnitude. 
There is a significant spread in the peak acoustic magnitude as 
shown in Fig. 5, so (12b) should be used with a degree of 
caution, since it provides only the expected average value of the 
peak acoustic power. Nevertheless, this phenomenological 
scaling relation, which is based on (10), allows identification of 
the functional behaviour of Pmax, which makes this relation a 
valuable tool in practical engineering and scientific 
applications.  
 
3) Plasma resistance and dependency of the hydrodynamic 
parameters of cavity on Rplasma 
The resistance of the plasma channel, Rplasma, is an important 
factor in the optimisation of plasma-acoustic systems. Rplasma 
defines the efficiency of conversion of the available electrical 
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 7 
energy into thermal plasma energy and, therefore, determines 
the hydrodynamic parameters of the plasma cavity and the 
characteristics of the acoustic impulses emitted by this cavity. 
Although the actual plasma resistance is a time-varying 
parameter, it changes very rapidly and in a time interval which 
is shorter than a quarter of the period of the current oscillation, 
the plasma resistance reaches its minimum value [26]. As 
discussed in Section II, the constant-resistance model has been 
selected in the present work for obtaining an effective 
resistance for the plasma cavities and the energy dissipated in 
the plasma channels. The resistances of the pulsed-power 
driving circuit, Rcircuit, with three different capacitances were 
obtained by extracting D and Z values from the experimental 
current waveforms and solving (1)-(2). The plasma-generating 
electrodes were short-circuited in this case, and the voltage 
controlled so that the peak current magnitudes were similar to 
those observed during water breakdowns. Average values of 
these resistances, obtained using at least 4 current waveforms, 
together with the corresponding standard deviations are listed 
in TABLE III. The same methodology was used to obtain the 
total resistance of the circuit, Rtotal, including the resistance of 
the plasma cavities, Rplasma, from the waveforms measured for 
each breakdown event. Equation (3) was then used to calculate 
the effective resistance of the plasma channel for each 
breakdown event.  
 
7$%/(,,, 
Rcircuit FOR DIFFERENT CIRCUIT CAPACITANCES, C 
C (nF) Rcircuit (Pȍ) Standard deviation 
(Pȍ) 
155 534 20 
266 401 20 
533 273 7 
 
In Fig. 6, the period of cavity oscillations is plotted as a 
function of the calculated effective plasma resistance for the 
three values of the circuit capacitance, and for all five 
inter-electrode gaps. Each data point in Fig. 6 represents an 
individual measurement of the peak acoustic magnitude. The 
vertical lines in each graph show the corresponding values of 
the circuit resistance, Rcircuit. 
The effective plasma resistance values vary in a wide range, 
from 35 mȍ to 5.9 ȍ. The plasma resistance generally 
increases with an increase in the inter-electrode gap length, as 
the length of the plasma channel also increases. Lower values 
of the effective plasma resistance can be attributed to higher 
energy levels delivered in the discharge and vice versa, lower 
energy levels result in lower values of the plasma resistance. 
Fig. 6 shows that the period of cavity oscillations initially 
increases with an increase in the plasma resistance, before 
reaching a maximum and then decreasing. This trend can be 
observed for all three values of capacitance in the pulsed-power 
circuit. The higher values of the plasma resistance have been 
registered in the case of 266 nF capacitance: for this 
capacitance, breakdown of longer gaps was achieved using a 
charging voltage of 30 kV, which was not possible in the case 
of 155 nF capacitance (where 35 kV charging voltage was 
required). Thus, such combination of the circuit parameters 
resulted in a ORQJHU³WDLO´LQWKHSHULRGRIFDYLW\RVFLOODWLRQDVD
function of the plasma resistance.  
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Theoretically, optimal energy transfer occurs when the 
resistance of the load is equal to that of the external driving 
circuit. However, Fig. 6 shows that the maximum oscillation 
periods are achieved for plasma resistances, Rplasma, greater than 
the circuit resistances, Rcircuit. Calculated values of Rcircuit are 
shown by the vertical lines in Fig. 6, and it can be seen that the 
maximum values of the period of cavity oscillations are 
achieved at plasma resistances which are approximately twice 
as high as the pulsed-power circuit resistance: a 1 ȍIRUQ); 
a 0.8 ȍ IRU  nF; and a 0.6 ȍ IRU  nF. The period of 
cavity oscillations reduces when the plasma resistance becomes 
lower or higher than these optimal values, this reduction being 
due to the smaller proportion of energy delivered into the 
plasma during the transient process, as compared with the total 
energy accumulated in the capacitor bank of the pulsed-power 
system. This reduction in the proportion of energy delivered 
into the plasma is also a possible reason for the saturation in the 
period of cavity oscillations for 5 mm and 7 mm gaps observed 
in Fig. 4 and Fig. 5.  
Fig. 7 shows the relationship between the peak acoustic 
magnitude and the plasma resistance for all three values of the 
capacitance and for all five inter-electrode distances. As can be 
taken from Fig. 7, the functional behaviour of the peak acoustic 
magnitude for 155 nF and 266 nF capacitances is similar to that 
of the period of plasma oscillations shown in Fig. 6.  
The peak acoustic magnitudes also tend to increase with an 
increase in the plasma resistance, and reach their maximum 
values at plasma resistances which are close to, but higher than, 
the calculated resistances of the pulsed-power circuit. 
However, the peak magnitudes behave more stochastically and 
do not show clear maxima at specific plasma resistances - only 
in the case of 266 nF is it reasonable to state that the optimal 
resistance is a 0.8 ȍ The functional behaviour of the peak 
acoustic magnitude in the case of 533 nF capacitance is not well 
defined: although the peak magnitude initially increases with 
increasing resistance and reduces at higher values of resistance, 
it is difficult to identify the optimal value of Rplasma for all tested 
inter-electrode gaps. For example, the majority of the peak 
acoustic magnitudes for the 5 mm gap lie along a horizontal 
line, which confirms saturation of the acoustic signal 
magnitude at higher energy levels. 
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4) Energy dependency of hydrodynamic and acoustic 
parameters of the cavity 
In Section III-B 2), the period of cavity oscillations and the 
peak acoustic pressure were obtained and presented as 
functions of the breakdown voltage. The phenomenological 
scaling relations established in Section III-B 2) are based on 
measurable or known circuit parameters, Vbr and C, which 
make them useful for practical applications where the 
breakdown voltage is one of the main operating factors. 
However, in Section III-B 3), the plasma resistance associated 
with the breakdown channel was also obtained, which allows 
calculation of the energy delivered into the plasma channel to 
be made. Thus, it becomes possible to find a relationship 
between the energy dissipated in the plasma channel 
(eliminating pre-breakdown energy losses and losses in the 
pulsed-power circuit) and the hydrodynamic and acoustic 
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In the present section, an analysis of the behaviour of the 
period of cavity oscillations and the peak acoustic magnitude as 
functions of the energy delivered into the plasma channel, Wch, 
is presented. Wch was obtained by integration of the product of 
the calculated constant plasma resistance, Rplasma, and squared 
values of the experimentally-measured current: 
 
 dttIRW plasmach ³ 2            (13) 
 
Using (6), the following scaling relationship between the 
period of oscillations, Tcavity, and the energy delivered into the 
plasma channel was obtained: 
 
3/16/52/1
chcavity WpT

fv UJ       (14a) 
 
For known values of J, U and p, a coefficient of 
proportionality, n, between Tcavity  and Wch can be introduced: 
 
3/1
chcavity WnT             (14b)  
 
Fig. 8 shows the period of oscillations, Tcavity, as a function of 
Wch, the energy delivered into the plasma channel, calculated 
using (13). Equation (14b) was used for fitting the experimental 
data points in Fig. 8. The proportionality coefficient, n, was a 
free parameter in the fitting procedure, which was conducted 
using Origin Pro 9 graphing software. In (14b), Tcavity is in ms 
and Wch is in J. The fitting parameter n and its 95% confidence 
intervals are given in TABLE IV. 
 
7$%/(,9 
FITTING COEFFICIENT n  FOR SCALING RELATION (14b ) 
Capacitance 155 nF 266 nF 553 nF 
n 
95% confidence 
interval 
1.69  
(1.67 ± 1.72) 
1.68 
(1.66-1.69) 
1.59 
(1.58-1.62) 
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The quality of the fits of (14b) to the experimental data 
shows that this phenomenological scaling relation reasonably 
describes the functional behaviour of the period of cavity 
oscillation, and can be used for calculation of the expected 
values of Tcavity. 
In Section III-B 2), the functional dependency of the acoustic 
peak magnitude on the breakdown voltage was established. 
This scaling relation is helpful in practical applications in 
which the breakdown voltage can be readily obtained. 
However, if the resistance of the plasma channel is known and 
the discharge current waveform is available, the energy 
delivered into the plasma channel can also be calculated. It is 
important to investigate the relationship between this energy, 
Wch, and the peak acoustic magnitude. The cumulative result of 
this analysis is shown in Fig. 9. This figure provides a 
cumulative graph, the natural logarithm of the peak acoustic 
magnitude as a function of the natural logarithm of the energy, 
Wch, for all 3 capacitances and 5 inter-electrode distances.  
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The phenomenological relation for the acoustic magnitude, 
Pacoustic, was obtained using (10) and assuming that Wch v M: 
 
3/E
chacoustic qWP          (15) 
 
where q is a coefficient of proportionality between Pacoustic 
(expressed in mV) and Wch (expressed in J). Taking the natural 
logarithm of both sides of (15), one can obtain:  
 
       chacoustic WqP ln3lnln E      (16) 
 
The solid line in Fig. 9 is a fitting line obtained by (16). The 
coefficient, ln(q), was a free parameter in this fitting procedure, 
and the power factor, E, was kept constant, E = 1.13. It can be 
seen that (15) and (16) describe well the functional behaviour 
of the peak acoustic magnitude, and thus this 
phenomenological scaling relation can be used in practical 
applications such as the development of underwater 
plasma-acoustic sources.  
It is worthy of note that for lower discharge energies, [27] 
and [28] provide similar analytical relations between the peak 
acoustic magnitude and the discharge energy: Pmax a (Wch b /p), 
where p is the external/hydrostatic pressure and b is a fitting 
constant which is close to the value of E/3 used in this study. As 
in the case of (12), scaling relation (15) cannot be used for exact 
calculation of the peak acoustic magnitude, however this 
scaling relation helps to establish the functional behaviour of 
the peak magnitude, and can be used for prediction and 
evaluation of this magnitude as a function of the energy 
delivered into the underwater spark. Using (5) and (7), it is 
possible to evaluate the proportion of the electrical energy, J, 
which is converted into the thermal plasma energy spent on 
cavity expansion. The values of J have been obtained by 
plotting Wch as a function of Rcircuit and using the fitting 
procedure in Origin Pro 9 software. It was found that J for all 
tested capacitances is a 0.3; these values, together with their 
95% prediction interval limits, are listed in TABLE V. 
 
7$%/(9 
COEFFICIENT J  FOR DIFFERENT CAPACITANCES  
Capacitance J 95% confidence  
interval 
155 nF 0.32  (0.29 - 0.35) 
266 nF 
553 nF 
0.35  
0.25  
(0.34 - 0.36) 
(0.23 - 0.27) 
 
IV. CONCLUSIONS 
In this study, the functional behaviour of the hydrodynamic, 
electrical and acoustic parameters of underwater spark 
discharges has been investigated. The period of cavity 
oscillations, the peak magnitude of the acoustic impulses 
generated, and the resistance of the underwater plasma 
channels have been obtained as functions of the breakdown 
voltage, energy, circuit capacitance and inter-electrode 
distance. 
It was shown that the period of cavity oscillations and the 
acoustic impulse magnitude increase with an increase in the 
breakdown voltage for discharges in all tested gaps. This 
increase can be described by the phenomenological scaling 
relations (9b) and (12b). However, for shorter gaps (5 mm and 
7 mm) and higher breakdown voltages (a 20 kV and above), 
there are clusters of data points which deviate from the main 
trend lines. These data are located below the lower boundary 
lines for the 95% prediction intervals of the main trends. It was 
found that the plasma resistance for all data points located in 
these outlying clusters is lower than the circuit resistance. 
Therefore, this deviation of Tcavity and Pmax from the main trends 
can be explained by the less-efficient electrical to thermal 
energy conversion for these discharges. 
The resistance of underwater plasma channels was obtained 
using the constant-resistance approach. The plasma resistance 
was found to vary from a 0.035 ȍ to a 5.9 ȍ for different 
energisation conditions and for different inter-electrode gaps. It 
was found that the period of cavity oscillations and the peak 
acoustic magnitude are non-linear functions of the plasma 
resistance; these values have their maxima when the resistance 
of the plasma is approximately twice higher than the resistance 
of the pulsed-power driving circuit.  
The energy dissipated in the plasma channel was calculated 
using the experimental current waveforms and calculated 
constant plasma resistances. The period of cavity oscillations 
and the peak acoustic magnitude demonstrated a non-linear 
increase with an increase in the energy delivered into the 
plasma channel, and their functional behaviour is described by 
the phenomenological scaling relations (14b) and (15).   
The results of this study will help in further understanding of 
the process of development of transient spark discharges in 
water, generation of acoustic impulses by such discharges, and 
in optimisation of plasma-acoustic sources, through tailoring of 
the pulsed-power circuit parameters to specific applications. 
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